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Summary 
Oligodendrocytes have been recently claimed to origi- 
nate from bilateral columns of precursors whose ex- 
tension is limited to the ventral region of the neuroepi- 
thelium. We designed an experiment in which the 
developmental capabilities of the diffe’rent regions of 
the ventricular epithelium could be tested. We ex- 
changed isotopically and isochronically defined sec- 
tors of the E2 spinal cord between quail and chick em- 
bryos and followed the production and migration of 
oligodendrocytes by using a quail-specific cDNA 
probe encoding the oligodendrocyte marker Schwann 
cell myelin protein. We showed that oligodendrocytes 
are generated in vivo from both ventral and dorsal 
halves of the neural tube. Moreover, extensive ventro- 
dorsal, as well asdorsoventral, migrations of oligoden- 
drogenic cells take place during spinal cord differenti- 
ation. 
Introduction 
Oligodendrocytes are the myelinating cells of the CNS 
(Peters et al., 1976). An oligodendrocyte precursor cell, the 
oligodendrocyte-type-2 astrocyte (O-2A) progenitor, has 
been described during development. This cell also gener- 
ates type 2 astrocytes in vitro (reviewed in Raff, 1989; 
Richardson et al., 1990). The development of oligodendro- 
cytes has been extensively studied in vitro and in vivo, 
but their site of orig,in throughout the CNS is controversial. 
It was generally thought that all neuronal and glial cells, 
including oligodendrocytes, arose by radial migration from 
the germinal ventricular zone of the CNS (Levine and 
Goldman, 1988). Another view was that, in the spinal cord, 
both astrocytes and oligodendrocytes are derived from 
radial glia (Hirano and Goldman, 1988). Recently, the ori- 
gin of rodent oligodendrocytes was proposed to be limited 
to discrete bilateral ventral zones of the ventricular epithe- 
lium, located near the floor plate in the spinal cord, and 
restricted, in the brain, to the rhombencephalon and dien- 
cephalon (Warf et al., 1991; Noll and Miller, 1993). These 
sites are characterized by the expression of platelet- 
derived growth factor receptor-a (PDGFRa) and 2’,3’- 
cyclic-nucleotide 3’-phosphodiesterase (CNP), and an iso- 
form of the myelin proteolipid protein (PLP) called DM-20 
‘Patrizia Cameron-Curry passed away on July 10, 1995, rrom acute 
lymphocytic leukemia. All her colleagues grieve over the untimely 
death of a well-loved friend and highly respected scientist. 
(Timsit et al., 1992, 1995; Pringle and Richardson, 1993; 
Yuet al., 1994). Cellspositivefor PDGFRa, CNP, or DM-20 
are first seen in the ventral ventricular and subventricular 
zones of the spinal cord and are later found in progres- 
sively more dorsal positions. This has been interpreted as 
if oligodendrocytes originate in this restricted zone of the 
neural epithelium and subsequently colonize the whole 
spinal cord and brain. 
Further support for this view came from in vitrc culttires 
of dorsal and ventral fragments of the early neural tube 
from El4 rat, El 2.5-E13.5 mouse, and E4 chick embryos 
At these stages, only the ventral neural tube yielded oligo- 
dendrocytes as’ defined by myelin basic protein (MBP) or 
galactocerebroside (Gal-C) expression (Warf et al.. 1991 
Timsit et al., 1995; Trousse et al., 1995). 
However, none of these experimental approaches was 
able to provide direct evidence that the cells expressing 
these markers were oligodendrocyte precursors or that 
they were migratory. Moreover, they did not rule out that 
oligodendrocytes could arise from regions of the ventricu- 
lar epithelium other than these proposed restricted zones. 
We decided to obtain further insight into the origin of 
spinal cord oligodendrocytes using a method that enables 
an evaluation of the contribution to the mature oligoden- 
drocyte pool of precursors of all the different regions of 
the neuroepithelium, along its ventrodorsal axis. To this 
end, the zones of origin of spinal cord oligodendrocyte 
precursors were mapped precisely and their migration fol- 
lowed using the quail-chick chimera system. Defined frag- 
ments of the neural primordium were exchanged between 
stagematched embryos of these two closely related spe- 
cies. It had been previously established that neural chime- 
ras develop a normal nervous system and can hatch (Kinu- 
tani et al., 1989). At any time during embryogenesls. 
individual host and graft-derived cells can be recognized 
after a simple histological staining procedure, thus allow- 
ing the relative movements of these cells to be followed 
(Le Douarin, 1969). This technique has been successfully 
used to study the ontogeny of the neural crest and of its 
main derivative, the PNS (for reviews, see Le Douarln 
1982,1986). More recently, it has been used to study bra111 
development (Le Douarin, 1993, and references therein) 
We performed isotopic and isochronic grafts of portions 
of the neural tube at the lower cervical-upper thoraclc 
level of 2-day-old (E2) embryos (Figure 1A). Unilateral sec- 
tors of quail neural tube of different dorsoventral extent 
were isotopically grafted into stagematched chicks and 
vice versa. Most of the chimeras were analyzed by in situ 
hybridization at El 2-E15, using a quail-specific probe for 
the oligodendrocyte marker Schwann cell myelin protein 
(SMP). 
SMP is a glycoprotein of the immunoglobulin superfam- 
ily that we characterized as a precocious marker for 
Schwann cells and oligodendrocytes in vivo and in vitro 
(Dulac et al., 1988, 1992; Cameron-Curry et al., 1989). 
The protein has 5 immunoglobulinlike domains and an 
overall homology of 43.5% with the rat myelin-assoclateo 
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Figure 1. Schematic Representation of the Grafting Procedure 
(A) Isotopic and isochronic unilateral fragments of neural tube were exchanged between quail and chick embryos at the 19-26 somite stage, at 
the level of the last formed somites and unsegmented plate. 
(B) In series A, quail was the host; in series B, chick embryos received a quail-derived graft. The dorsolateral extension of the grafted area varied 
from about 45” to 90° or 120° (type 1. 2, and 3 grafts, respectively). 
(C) E4 chimeric embryo (type A3). Feulgen-Rossenbek staining. (Cl) Two days after microsurgery the grafted chick tissue is integrated into the 
host spinal cord and is covered by host mesenchyme and ectoderm. Note that the dorsal root ganglion (arrow) on the side operated on is of chick 
type, derived from the grafted neural crest. (C2) The boundary between host and grafted tissues is clear-cut, with no mixing of quail and chick 
cells at that stage. Ear in (Cl), 50 pm; bar in (C2), 20 pm. 
glycoprotein (MAG). We demonstrated, by double staining 
of sections of adult quail brain and spinal cord, that SMP 
expression colocalizes with that of MBP and Gal-C. More- 
over, all the MBP- or Gal-C-positive oligodendrocytes in 
cultured brain and spinal cord from late quail embryos 
express SMP. 
The transcript of the SMP gene was detected from E8- 
E9 in the quail brain and spinal cord by both Northern 
and in situ analyses. The protein was first detected by 
immunofluorescence with an anti-SMP monoclonal anti- 
body at the same stage in the quail and one day later in 
the chick spinal cord. In the spinal cord, the first cells to 
express the SMP mRNA and protein were found in the 
marginal ventral white matter, on both sides of the ventral 
median fissure. One day later (El 0), more cells were SMP- 
positive, and they extended up to the lateral funiculi. By 
Ell, they reached the dorsal funiculi. From ElO, MBP 
immunoreactivity appeared in the ventral white matter and 
followed the same developmental pattern as SMP. Thus, 
expression of SMP precedes that of MBP by about 2 days 
in the quail spinal cord. In culture, oligodendrocytes are 
SMP positive before they express MBP and Gal-C (Cam- 
eron-curry et al., 1989). Therefore, SMP is the earliest 
marker for oligodendrocyte differentiation in the avian CNS. 
The quail-specific SMP probe allowed us to recognize 
the oligodendrocytes that originate from precursors pro- 
duced by the quail territory, whether or not they have mi- 
grated to the chick region. Thus, the migrations of the 
Crt,in of the Spinal Cord Oligodendrocytes 
oligodendroblasts, as well as the extent of the oligodendro- 
genie zone of the E2 neural tube, could be evaluated. 
The results we obtained with this combination of tech- 
niques showed that the oligodendrogenic progenitors are 
not limited to the ventral ventricular region of the neural 
tube. On the contrary, we show that oligodendrocytes are 
generated in vivo from both ventral and dorsal neural tube 
halves. Moreover, we demonstrate that oligodendroblasts 
from each zone contribute to the mature oligodendrocyte 
population of each dorsoventral level, meaning that exten- 
sive ventrodorsal and dorsoventral migration of oligoden- 
droblasts occurs during spinal cord differentiation. 
Results 
This series of experiments was performed to study the 
ontogeny of the oligodendrocyte lineage in the avian spinal 
cord and particularly to map the zones of brigin of oligoden- 
drocyte precursors and to evaluate the extent and the di- 
rection of migration of these precursors. 
In experimental series A (Figure lB), dorsal sectors 
comprising about 45O, 90°, or 120° of chick neural tube 
were substituted for their quail host counterpart. Thus, the 
potential of the ventral (quail) territories to yield oligoden- 
drocytes capable of colonizing the dorsal (chick) sectors of 
the spinal cord could be revealed. In the B series, reverse 
grafts were performed (Figure 1B); i.e., dorsal neural tube 
segments from quail donors were implanted into chick 
hosts. In this case, the capacity of the dorsal neural tube 
to yield oligodendrocytes could be tested. 
Since grafting was performed at the level of the last 
formed somites and unsegmented plate, neural crest 
cells, which detach from the dorsal part of the neural tube, 
were also explanted. These cells migrated in the host tis- 
sues and participated in the formation of the trunk neural 
crest derivatives at that level, in particular the Schwann 
Table 1. Type A Grafts: Chick to Quail Host 
Chimera 
Size of Grafted Sector 
. 
Age Al = ‘/4 A2 = ‘/z A3 = % 
96 E4 - - + 
97 E4 + + 
92 E5 - + 
134 E9 - + - 
131 El0 - + 
153 El0 - - + 
113 El2 - - + 
139 El2 + - 
171 El2 + + 
166 El3 + - 
110 El3 + - - 
157 El4 - - + 
Total n = 12 re = 4 re = 3 re = 7 
The number of embryos operated on that were retained for study in 
the B series of grafting, the embryonic age at which they were ana- 
lyzed, and the number of different situations that were observed for 
each chimera. 
n = number of animals observed; re = number of recorded situa- 
tions. 
Table 2. Type B Grafts: Quail to Chick Host 
Size of Grafted Sector 
Chimera Age 81 = % 82 = ‘/P 83 = 2% 
196 (I) 
196 
199 
200 
202 
203 (I) 
205 (I) 
209 
210 
211 
Total 
El4 - + + 
El4 + + + 
El4 + + + 
El4 - - + 
El5 + - - 
El5 + + - 
El5 + + 
El4 + + - 
El4 + - + 
El4 + + - 
n = 10 re = 6 re = 7 re = 6 
The number of embryos operated on that were retained for study in 
the A series of grafting, the embryonic age at which they were ana- 
lyzed, and the number of different situations that were observed for 
each chimera. 
(I) = sectioned longitudinally; n = number of animals observed, 
re = number of recorded situations. 
cells lining the spinal nerves. In the B series of experi- 
ments, quail Schwann cells were thus recognized by the 
SMP probe. 
Of 135embryosoperated on (118quails and 17chicks), 
29 quail and 10 chick embryos survived and were ana- 
lyzed. Only the chimeras devoid of gross abnormalities 
and in which the graft was properly incorporated into the 
host’s structures were retained for further study. The re- 
ported data concern 12 quail and 10 chicks. 
Although the grafted sectors comprised about l/4 to % 
of the neural tube (Figure 1 B), the size of the grafted tissue 
varied within a given explant; thus, different situations 
were found at different levels of the same experimental 
embryo. The number of embryos and of situations exam- 
ined for each type of graft is recorded in Tables 1 and 2. 
In brief, 14 cases were analyzed for type A grafts, and 2 1 
for type B grafts. 
Experiment A: Grafts of Dorsal Parts of the Chick 
Neural Tube in Quail Hosts 
Cell Migrations as Revealed by the Quail 
Nuclear Marker 
In 3 embryos analyzed at E4-E5 (Figure 1; types A2 and 
A3 chimeras) -that is, 2-3 days after microsurgery-the 
grafted tissue was perfectly integrated in the host; the spi- 
nal cord was covered by host mesenchyme and ectoderm: 
and the chick neural crest cells had participated In the 
formation of the host’s peripheral ganglia, as expected 
(Figure 1Cl). The dorsoventral limits of the grafts were 
clear-cut, with no mixing of quail and chick cells, except 
for a very few quail cells that had migrated short distances 
dorsally within the external mantle layer (Figure lC2). 
At E9-ElO, an extensive cell mixing had occurred, mak- 
ing the graft limits ill defined except for the ventricular 
epithelial layer, thus allowing the extent of the dorsoventral 
and ventrodorsal migrations to be evaluated (Figure 2; 
types A2 and A3 chimeras; n = 3). A significant number 
of neurons (with large round nuclei) of the column of Terni 
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Figure 2. E9 Quail Chimeric Embryo, Type A2 
(A, C, and D) QCPN immunostaining. (B) Feulgen-Rossenbek staining. (A) General view of a section of the chimera: note that the grafted I 
of chick tissue is slightly larger than the corresponding contralateral sector of quail tissue. Also, note the extensive mixing of chick and quail 
Boxed areas show the position of the sections shown at greater magnification in (B), (C), and (D). (B) Small quail cells, probably of glial a 
can be seen in the lateral funiculi (arrowheads). (C) The limit of the grafted territory is clearly visible in the ventricular epithelium. Some net 
in the column of Terni. with large round nuclei. are of quail type and have migrated dorsally into the chick territory (arrowheads). (D) Small 
cells with round nuclei are also found more dorsally, in the interneuronal chick region (arrowheads). Bar in (A), 200 urn; bars in (B, C, and D), 21 
were of quail origin although located in the chick-grafted At E12-E13, the cell mixing was even more pro- 
territory(Figure2C). More dorsally, small quail nuclei were nounced, and numerous small quail cells were foul nd in 
visible within the region where interneurons differentiate the dorsal and lateral white matter (types Al, A2, an Id A3 
(Figure 20). Some small quail cells, probably glial cells, chimeras; n = 6). Staining of some alternate slides with 
were also found in the lateral and dorsal funiculi (Figure 26). anti-NF antibody revealed that spinal cord develop1 ment 
rector 
cells. 
rrigin. 
quail 
0 urn. 
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proceeded normally in chimeric animals. The chick side 
of the spinal cord was sometimes slightly larger than the 
contralateral host’s side. 
Selective Migration of S/UP-Positive Quail Cells 
Most of the quail chimeric embryos were sacrificed at El 2- 
E14. We know from a previous study on the pattern of 
expression of the protein that SMP is expressed from El2 
in the dorsal funiculi in both chick and quail. 
In situ hybridization with the quail-specific SMP probe 
revealed different situations according to the type of graft. 
When the dorsal grafts of chick tissue were of types Al 
and A2 (n = 5)- i.e., represented the dorsal quarter or half 
of the spinal cord on the side operated on-SMP-positive 
quail oligodendrocytes were found not only in the quail 
territory but also in the chick one, in the lateral and dorsal 
funiculi (Figures 3A and 36). No major differences in the 
intensity of the hybridization signal were apparent be- 
tween the operated (chimeric) and coritralateral (quail) 
sides of the spinal cord. Figures 3A and 38 represent type 
Al grafts. No significant differences appear in type A2 
grafts (data not shown). 
Thus, we conclude that oligodendroblasts had migrated 
from the ventral neural tube and invaded its dorsal part. 
This does not preclude the possibility that the dorsal part 
of the ventricular epithelium is also able to produce oligo- 
dendrocytes. 
When the grafted chick tissue extended more ventrally 
(type A3: the graft represents z/3 of the spinal cord on the 
side operated on; n = 2), fewer SMP-positive oligodendro- 
cytes were found in the lateral and dorsal funiculi. More- 
over, even in the ventral quail territory, SMP-positive cells 
were relatively scarce, indicating that the ventralmost re- 
gion of the neuroepithelium has only a limited capacity to 
yield oligodendroblasts (Figures 3C and 3D). These exper- 
iments show in addition that even the ventrally produced 
oligodendrocyte precursors undergo extensive dorsal mi- 
gration. Figure 3C shows a few stained cells of ventral 
origin located in the dorsal funiculus of the ipsilateral side. 
When the ventral quail territory was even smaller, no SMP- 
positive oligodendrocytes were found. 
In general, the number of SMP-positive oligodendro- 
cytes in any given gection was roughly proportional to the 
extent of the remaining quail tissue. Even when very few 
stained cells were found on a section, they could be lo- 
cated dorsally, laterally, or ventrally (Figures 3C and 3D). 
Thus, the conclusions that can be drawn from experi- 
ment A series are as follows. First, migration of oligoden- 
droblasts from the ventral sector of the neural tube seems 
to be a quantitatively important phenomenon. Second, 
many oligodendrocyte precursors are generated in the 
ventral half of the neural tube; they colonize a large dorso- 
ventral sector. Third, however, the ventralmost part of the 
neural tube does not generate all the oligodendrocytes of 
the corresponding region of white matter, since in the A3 
situation, where the graft occupies %I of the neural tube, 
the number of quail SMP-positive cells is much smaller 
than in type A2 or Al grafts, where the remaining quail 
neural epithelium is larger. This indicates that the migra- 
tion of glial precursors in the spinal cord does not occur 
exclusively along a ventrodorsal vector. Finally, the sector 
immediately adjacent to the floor plate does not generate 
oligodendrocytes. 
Experiment B: Grafts of Dorsal Parts of the Quail 
Neural Tube in Chick Hosts 
These experiments were devised to see whether the ven- 
tricular epithelium of the dorsal spinal cord is able to yield 
oligodendrocytes. We also wanted to analyze the possibil- 
ity that some of the stained cells found in the dorsally 
grafted chick territories of the A series of experiments 
could be derived from anterior or posterior quail spinal 
cord areas by longitudinal migration. The possibility that 
contralateral migrations could occur was also tested. 
The Feulgen stainings and the quail, nonchick, perinu- 
clear marker(QCPN) stainings showed, as for the A series, 
that cell migration had taken place, giving rise to cell mix- 
ing between the quail and chick tissues. As before, the 
graft limits are clearly visible at the ventricular epithelium, 
thus indicating the limit of the grafted sector. Neurofila- 
ment staining confirmed that spinal cord development was 
normal in the examined chimeras. The general size of the 
grafted hemispinal cord was slightly smaller than that of 
the contralateral side. 
The SMP quail-specific probe was applied as before, 
and almost all the quail oligodendrocytes were found on 
the side where the graft was performed. A few stained 
cells had crossed the dorsal midline of the developing 
spinal cord and were found on the contralateral side. 
When the grafted quail dorsal territory covered V3 of the 
transverse section of the spinal cord, many SMP-positive 
cells were found, extending from the dorsally grafted terri- 
tory to the most ventral host regions (Figures 3E and 3F: 
Table 2; type 83 grafts). 
In the 82 situation, when grafted territories span l/z of 
thesection, quail oligodendrocytes were found in the chick 
ventral, as well as in the quail dorsal, regions on the side 
operated on. SMP-positive cells were mostly located in 
the lateral white matter and the dorsal funiculi, but many 
were also found that had migrated to the very ventral white 
matter regions (Figures 4A and 48). 
Fewer SMP-positive cells were recorded in the Bl situa- 
tion, when the graft covered less than l/2 of the dorsoven- 
tral section. These cells were essentially located in the 
lateral part of the white matter, especially condensed ai 
the levels where dorsal roots of the spinal nerves emerge 
from the spinal cord (Figures 4C and 4D). Some cells 
however, were found in the dorsal funiculi. and a few had 
migrated to the ventralmost host terntory. Where the 
grafted territory encompassed only about 20°-30° of the 
dorsalmost neural tube at its ends, virtually no SMP- 
positive oligodendrocytes were present, thus showing that 
the most dorsomedial sector of the neural tube, just laterai 
to the dorsal septum, is devoid of oligodendrogenic poten- 
tial (data not shown). 
These observations indicate, first. that quail oligoden- 
drocytes developed from precursors that onglnate from 
the dorsal grafted part of the neural tube; and, second. 
that SMP-expressing cells of graft origin were spread over 
areas larger than the grafted territory and extended from 
dorsal to ventral regions of the developing spinal cord 
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Figure 3. Chimeric &2-f& 
(A-D) Experiment type A. (E at?d F) Experiment type 83. (A, C, and E) In situ hybridization with SMP probe specific for quail oligc 
(B, D, and FJ Feutgan-Rossenbak staining. (A and B) Type Al chimera. SMP-positive oligodendrocytes are present not only in the 
but also in the grafted dorsal chick tiiue. (C and D) Type A3 chimera. Fewer SMP-positive oligodendrocytes are found in the late 
funiculi on the side operated on when only a small amount of quail tissue is left. (E and F) Type 83 chimera. Numerous SMP 
oligodendrocytes are present not only in the dorsal and lateral funiculi on the side operated on, but also in the ventral funiculus. in the 
territory. Bars in (A, C, and E), 200 bm; bars in (B, D, and F), 30 pm. 
sdendrocytes. 
quail territory, 
ral and dorsal 
-positive quail 
chick-derived 
~;#$I of the Spinal Cord Oiigodendrocytes 
Figure 4. Chimeric E13-El5 Chick Embryos 
(A, C. E, and F) In situ hybridization with quail oligodendrocyte-specific SMP probe. (B and D) Feulgen-Rossenbek staining. (A and B) Type 82 
chimera. Numerous quail-derived oligodendrocytes are also present throughout the section, even when the amount of grafted quail tissue corre- 
sponds to only r/z of the area of the hemispinal cord. Note that rn this case the quail oligodendrocytes in the ventral area of chick tissue are less 
numerous than in Figure 3E (type 83 graft). Note also that a few quail oligodendrocytes can be seen on the contralateral side, in a dorsomedial 
positron (arrowhead). (C and D) Type Bl chimera. When the grafted quail tissue covers less than one half of the hemispinal cord section, fewer 
quail oligodendrocytes are found in the dorsal, lateral, and also ventral funiculi. (E) Section of the chick neural tube adjacent to the graft A few 
quail oligodendrocytes have migrated along the anteroposterior axis. (F) Quail neural crest-derived Schwann cells, also recognized by the SMP 
probe are found farther off from the grafted quail tissue than the quail oligodendrocytes. Bars in (A, C, E, and F), 200 urn; bars in (B and D), 30 urn. 
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The question as to whether oligodendrocytes migrate 
along the anteroposterior axis was studied in E13-El5 
chimeras on sections adjacent to the graft extending 
largely rostrally and caudally. A few scattered oligodendro- 
cytes were found up to - 200-250 pm, both caudally and 
cranially, from the graft (Figure 4E). This suggests that 
limited anteroposterior migration had occurred. 
Quail neural crest-derived Schwann cells, which are 
also recognized by the SMP probe, were found on sections 
farther from the grafted quail tissues than quail oligoden- 
drocytes (Figure 4F). This shows that the longitudinal mi- 
gration of CNS myelin-forming cells was more limited than 
that of their PNS counterparts. The limited extent of the 
longitudinal migration of these spinal cord cells excludes 
the possibility that in the A series, where chick neural tube 
sectors were implanted into quails, the quail cells invading 
the chick territory could originate either cranially or cau- 
dally, rather than ventrally. 
We can also exclude the possibility that, in the A series, 
migration of cells from the quail contralateral half of the 
neural tube contributed significantly to the SMP-express- 
ing cell population found in the chick grafted territory. In- 
deed, in the B series of quail dorsal grafts, quail oligoden- 
drocytes were only occasionally found in the host 
contralateral spinal cord half. Fewer than ten ectopic cells 
were seen on a few sections in 3 chimeras. These cells 
were located in the medialmost region of the dorsal white 
matter (Figure 4A). 
Three more embryos were examined in longitudinal sec- 
tion (see Table 2). All the observations, reported above, 
on transversely cut chimeras wereconfirmed in thisseries. 
Discussion 
We constructed heterospecific spinal cord chimeras be- 
tween quail and chick embryos by exchanging dorsal neu- 
ral tube territories at an early developmental stage when 
the neuroepithelium is pseudostratified and the cells are 
actively proliferating (Fujita, 1995). The extent of the 
grafted territories varied from less than VI up to more than 
3/s of the lateral wall of the neural tube. Two experimental 
designs were devised: the host embryo was either quail 
(series A) or chick (series B) (see Figure 1). In series A, 
the contribution of the ventral and ventrolateral ventricular 
epithelium to neurons and giial ceils of the spinal cord 
was visualized using the Feulgen-Rossenbeck technique, 
which enables quail and chick cells to be distinguished 
by their nuclear structure or by using an antibody to the 
quail-specific marker QCPN. The quail-specific SMP 
probe was used to label specifically quail oligodendrocytes 
when they have reached their destination in the devel- 
oping spinal cord. As previously shown (Cameron-Curry 
et al., 1989) SMP is the earliest available specific marker 
of oligodendrocytes in the avian CNS, being expressed 
about 2 days before other known myelin components such 
as MBP. In experimental series B, the oligodendrogenic 
potentials of the dorsal and dorsolateral neuroepithelium 
were similarly evaluated. 
It has to be noted that the microsurgical procedures 
applied in these experiments have been extensively used 
in our laboratory on virtually all parts of the nervous system 
and have never resulted in alterations of the myelination 
process, whether the grafts be home- or heterospecific. 
Oligodendrocytes Are Generated from Both Dorsal 
and Ventral Halves of the Neural Tube and Migrate 
in Both Dorsoventral and Ventrodoraal Diractions 
When the chimeric spinal cords were observed at E9-El0 
and at later stages, extensive mixing of host and donor 
cells was found in both gray and whfte matter. Since the 
original limits of the grafted tissues were always visible at 
the level of the ventricular epithelium, it could be seen 
that cell migration occurs both from ventral to dorsal and 
from dorsal to ventral and involves both quail and chick 
cells, whatever their initial positions. Note that at E4 in 
the chimeras (see Figure lC), no mixing of quail and chick 
cells has occurred, showing that oiigodendrocyte precur- 
sors start to migrate along the dorsoventrai axis later in 
development. 
The size and morphology of their nuclei, as shown 
through Feulgen or QCPN staining, could give cues to 
identifying the migratory cells. On this basis, both giial and 
neuronal precursors appear to migrate in both dorsoven- 
tral and ventrodorsal directions. Use of the SMP marker 
enabled indisputable identification of quail oiigodendro- 
cytes and indicated that oiigodendrogenic potential exists 
in the dorsal, as well as in the ventral, regions of the spinal 
cord neuroepitheiium. 
The number of SMP-expressing ceils was roughly pro- 
portional to the size of the quail ipsiiateral territory. Only 
the ventromedial and the dot-some&al sectors of the neural 
tube, including the floor plate, the roof plate, and a small 
adjacent region of the ventricular epithelium on each side 
of both these structures, appeared to be devoid of oligo- 
dendrogenic potential (Figure 5). 
Finally, we observed that quail ofiindrocytes were 
always spread over an area wider than the corresponding 
original quail territory, which means that they largely par- 
ticipate in the cell migrations mentioned above. SMP- 
expressing ceils of ventral origin were found not only in 
the ventral but also in the dorsal part of the spinal cord 
in the A experimental series; similarly, SMP-expressing 
oligodendrocytes of dorsal origin were located ventrally 
in the B series of experiments. Thus, we can conclude 
that digodendrocytes of both dorsal and ventral origin co- 
exist in each location, as schematized in Figure 5. 
These conclusions are at odds with those drawn re- 
cently by several authors from in vivo observations and 
in vitro experiments performed essentially on rat spinal 
cord. The rat embryonic spinal cord shows a temporo- 
spatially restricted pattern of expression of PDGFRa 
mRNA, which has been proposed to concern precursors 
of oligodendrocytes (Warf et al., 1991; Pringle and Rich- 
ardson, 1993). From E14, a few intensely positive cells 
are seen at the lumbar level forming two longitudinal col- 
umns at the basal ventricular zone, just lateral to the cen- 
tral canal. At more cranial, and, thus, more mature levels, 
an increasing number of labeled cells are found in the 
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Figure 5. Model of the Origin of Avian Oligodendrocytes, Derived from 
the Construction of Quail-Chick Chimeras 
We demonstrated that a large zone of the E2 neuroepithelium (left 
side of figure) has oligodendrogenic potential. Only the ventromedial 
and dorsomedial sectors of the neural tube, including the floor plate, 
the roof plate, and limited regions adjacent to each side of both of 
these structures, appeared to be devoid of oligodendrogenic potential. 
Oligodendrogenic precursor cells are present in both the dorsal and 
ventral halves of the neuroepithelium. In fact, as represented in the 
right part of the figure, oligodendrocytes derived from dorsal and ven- 
tral precursors are found in the E12-El5 spinal cord white matter 
Oligodendrocytes of both dorsal and ventral origin coexist in the dorsal, 
lateral, and ventral funiculi. This demonstrates that extensive ventro- 
dorsal, as well as dorsoventral, migration of oligodendrocytes or of 
their precursor cells occurred. 
same location. Later, they are scattered over the entire 
ventral spinal cord; finally, at E16, they reach the dorsal 
regions of the white matter. It was previously established 
that cells of the O-2A lineage express PDGF receptors 
in vivo and in vitro and respond to PDGF in culture by 
proliferating (Raff et al., 1988; Richardson et al., 1988; 
Hart et al., 1989; McKinnon et al., 1990). Moreover, O-2A 
precursors express PDGFRa mRNA in vivo at later stages 
(Pringle et al., 1992). Thus PDGFRa expression was as- 
sumed to correspond to the emergence of oligodendrocyte 
precursors in the ventral half of the spinal cord and their 
subsequent migration to the dorsal half. 
Recently, other genes were proposed as markers for 
distinct populations of presumptive precursors in the ven- 
tral ventricular zone: the enzyme CNP and the alterna- 
tively spliced isoform of PLP called DM-20 (Timsit et al., 
1992, 1995; Yu et al., 1994). In mammals, neither CNP 
nor DM-20 is restricted to myelin or to the nervous system. 
In the CNS, they are expressed before myelination, possi- 
bly serving functions other than myelination (Timsit et al , 
1992, 1995; lkenaka et al., 1993; Scherer et al., 1994). 
Expression of CNP in the rat developing spinal cord colo- 
calizes with that of the presumptive oligodendrocyte pre- 
cursor marker PDGFRa discussed above, while PLP/ 
DM-20 transcripts are expressed earlier, in a more ventral, 
nonoverlapping ventricular domain in rat, mouse, and 
chick (Timsit et al., 1992, 1995; Yu et al., 1994; J. L 
Thomas, personal communication). 
In vitro datawere obtained in experiments where ventral 
and dorsal pieces of spinal cord, taken from different ante- 
roposterior levels from rat embryos of different ages were 
cultured separately (Warf et al., 1991). At each axial level, 
the dorsal part of the spinal cord seems to acquire oligo- 
dendrogenic potential later than the ventral part. More- 
over, Dil labeling of ventral spinal cord in vivo demon- 
strated that some cells migrated to the dorsolateral and 
lateral funiculi and gave rise to some of the oligodendro- 
cytes found there. Thus, it was concluded that the precur- 
sors of dorsal funiculi oligodendrocytes originate in the 
ventral spinal cord and migrate dorsally during development. 
Maternal injections of the thymidine analogue BrdU in 
the rat at the time of gliogenesis enabled the identification 
of a population of proliferating cells in the ventral ventricu- 
lar zone whose progeny migrate in vivo to more dorsal 
and lateral zones of the spinal cord. When these labeled 
cells were cultured, many of them gave rise to oligodendro- 
cytes (Noll and Miller, 1993). 
As a whole, these studies suggested that oligodendro- 
cyte precursors are generated in the ventral ventricular 
zone of the embryonic neural tube, from which they spread 
first over the ventral and then over the dorsal halves of 
the developing white matter. However, direct demonstra- 
tion of this ventrodorsal migration was lacking. Moreover, 
it was not shown that all the oligodendrocytes are exclu- 
sively derived from this pool of precursors. Different sub- 
populations of spinal cord oligodendrocytes might in fact 
coexist and be generated from separate pools of precursor 
cells. 
Our data confirm the presence of a ventrally located 
oligodendrocyte precursor population that gives rise, 
through extensive cell migrations, to oligodendrocytes lo- 
cated ventrally, laterally, and dorsally, as also suggested 
by retroviral clonal analysis in the chick (Leber and Sanes, 
1995). But we demonstrate here that, in the avian spinal 
cord, the dorsal neural tube also has oligodendrogenlc 
potential. We found that in vivo cells generated from dor- 
sally located precursors migrate not only to the dorsal and 
lateral funiculi, but also to more ventrally located regions. 
This dorsoventral migratory stream seems to be quantita- 
tively important. As a result, the oligodendrocytic popula- 
tion at each level along the dorsoventral axis is a mixture 
of cells deriving from all levels, via ventrodorsal, dorso- 
ventral, and presumably radial migrations, although the 
latter cannot be seen using our experimental approach 
(Figure 5). 
It is likely that the results obtained in birds are also valid 
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in mammals. One can thus assume that the mammalian 
oligodendrogenic cells located ventrally mature earlier 
than the dorsal ones. In view of their localization and timing 
of expression, PDGFRa and CNP can be considered as 
markers for a subpopulation of ventricular precursors that 
are probably oligodendrogenic (Pringle and Richardson, 
1993; Yu et al., 1994). PLPIDM-20, in contrast, is presum- 
ably expressed by a different pool of precursors (Vu et 
al., 1994; Timsit et al., 1995). The possible dorsal pool of 
oligodendrocyte progenitors in the mammalian spinal cord 
does not have evident candidate markers, so far. The di- 
versity of oligodendrogenic precursors thus generated 
along the dorsoventrai axissupports the notion put forward 
by Wenger (1950) and Yu et al. (1994) that the ventricular 
epithelium has to be regarded as a mosaic of precursors 
with diverse properties. 
Oligodendroblasts Determination and Migration 
Our experiments demonstrate that the migration of glial 
cells in the avian spinal cord does not involve a unique 
ventrodorsal stream, as suggested for mammals by other 
authors (Warf et al., 1991; Noll and Miller, 1993; Pringle 
and Richardson, 1993; Timsit et al., 1995). In contrast, 
the cells migrate in both ventrodorsal and dorsoventral 
directions (Figure 5). We do not know if the two migratory 
streams are contemporary or occur at different develop- 
mental stages. We have noticed in our experiments that, 
up to E6, mixing of host and grafted cells is very limited; 
thus, we assume that the bulk of cell migration occurs 
between E6 and ElO. It is possible that restricted cell popu- 
lations could migrate early and proliferate later on, after 
they have reached their final location, as data from Leber 
and Sanes (1995) seem to suggest. 
So far, we cannot answer the question of the precise 
timing at which ventral and dorsal precursors are gener- 
ated in the quail, since our marker labels oligoden- 
droblasts when they are already in the white matter and 
are advanced in their differentiation. A clear ventrodorsal 
gradient of generation of the different neuronal cell classes 
has been demonstrated in vivo (Nornes and Das, 1974) 
and the same could hold for glial cells later in development. 
In fact, a ventrodorsal gradient of maturation of oligoden- 
drogenic potential has been demonstrated in vitro both in 
mammals and in the chick spinal cord (Warf et al., 1991; 
Timsit et al., 1995; Trousse et al., 1995). Moreover, the 
generation of oligodendrocytes from precursors situated 
at different locations is not necessarily driven by the same 
mechanisms. 
Cell Migration in the Spinal Cord 
Cell migration has been observed in a number of studies 
on the development of different parts of the CNS using 
the quail-chick chimera model. Specific glial markers 
were not used in these studies and glial cells were identi- 
fied as nonneuronal small cells. In the medulla oblongata, 
for example, Tan and Le Douarin (1991) demonstrated 
that nuclei with a motor function arise from the basal plate, 
whereas sensory nuclei are derived from the alar plate, 
irrespective of their final dorsoventral location. The reticu- 
lar zone is of mixed origin. Presumptive glial cells were 
found to share the same origin as the associated neurons. 
Some nuclei, however, contain glial cells of two different 
origins arising at different times. Extensive dorsoventral, 
as well as ventrodorsal, movements were described from 
E5 to E14, similar to what we here show to occur also in 
the spinal cord. In both studies, the first cells to penetrate 
the heterologous territory were seen on transverse sec- 
tions in the marginal zone of the forming mantle layer. 
When more rostra1 brain regions were analyzed, similar 
tangential movements of both neuronal and nonneuronal 
cells were detected in most of the prosencephalon, mesen- 
cephalon, and metencephalon (Balaban et al., 1988; Hal- 
lonet and Le Douarin, 1993). 
Cell lineages and cell migration in the chick spinal cord 
have also been studied by retroviral labeling of neuroepi- 
thelial cells by Leber et al. (1990) and Leber and Sanes 
(1995) who were particularly interested in neuronal cells. 
Glial cells were recorded in many motoneuron-containing 
clones, and the results of retroviral clonal analysis sug- 
gested that oligodendrocytes found at different dorsoven- 
tral levels are generated from pluripotent precursor cells 
of the neuroepithelium, together with cells of different lin- 
eages. Rostrocaudal dispersion was found to be more lim- 
ited for neurons than for glial cells in retrovirally labeled 
clones. Presumptive oligodendrocytes were sometimes 
found “several hundred microns from their apparent point 
of origin” (Leber et al., 1990). Secondary longitudinal mi- 
gration of these cells along the axons was proposed to 
occur after the period of radial migration, during the sec- 
ond week of incubation (Leber and Sanes, 1995). We in- 
deed found a few quail oligodendrocytes in sections up 
to 250 urn from the anterior and posterior limits of the 
grafts. Similarly, longitudinal cell migration was recorded 
in the medulla oblongata: in the study of Tan and Le Dou- 
arin (1991) glial cells were found to migrate more exten- 
sively than neurons, especially in longitudinal migrations 
occurring late in ontogeny, during the second half of the 
embryonic period. 
Contralateral migrations, which have been described 
not only in the medulla oblongata but also in the cerebel- 
lum (Hallonet et al., 1990), are barely detectable in the 
spinal cord (Leber et al., 1990; Leber and Sanes, 1995; 
this study), where they are prevented by the presence of 
the roof and floor plates. 
Experimental Procedures 
Microsurgery 
Quail (Coturnix coturnix japonica) and JA 57 (Isa Lyon, France) chick 
(Gallus gallus) eggs were obtained from a commercial breeder and 
incubated at 36°C in a humid atmosphere. Heterospecific grafts were 
performed between quail and chick embryos. The embryos were oper- 
ated on in ovo at the 19-26 somite stage, corresponding to stage 13- 
15 for the chick (Hamburger and Hamilton, 1951) and to stage 11-13 
for the quail (Zacchei, 1961). 
Unilateral dorsal or dorsolateral parts of the neural tube, extending 
over a length corresponding to 4-5 somites, were exchanged between 
embryos of the two species, as indicated in Figure 1A. The tissues 
were microsurgically excised using sharpened tungsten needles in 
either quail or chick and replaced by the equivalent part from a stage- 
matched embryo of the other species, at the level of the last formed 
3-4 somites and unsegmented plate. 
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Most chimeric embryos were sacrificed at E12-El3 for quails and 
E14-El5 for chicks. The vertebral column of the region operated on, 
plus surrounding tissues, was fixed in Carnoy’s solution, dehydrated, 
and embedded in paraffin. Younger embryos were fixed in toto. Five 
vrn sections were cut transversely orsagittally to the neural axis. Series 
of 6-8 sectionswere put on separate gelatin-coated slides, which were 
alternatively processed for the different stainings. Every fourth slide 
was stained according to the Feulgen-Rossenbeck technique, 
allowing quail and chick cells to be distinguished. A second series of 
slides was systematically processed for in situ hybridization and others 
for immunohistochemistry. 
lmmunohistochemistry and Histology 
The sectionswere rehydrated and immersed in 0.3% HZ02 in methanol 
to Inhibit endogenous peroxidases. They were Incubated overnight 
with rabbit serum against neurofilament proteins (NF; Sigma) or the 
QCPN monoclonal antibody specific for all quail cells (Hybridoma 
Bank), then colored using the Vectastain ABC kit (Vector), using diami- 
nobenzidine as a substrate. Afler washing, the sections were counter- 
stained with Gill’s hematoxylin, a nuclear staining that permits quail 
and chick territories to be differentiated and, thus, to be evaluated as 
to the extent of the grafted sector. It is important tb note that although 
cell migrations take place between grafted and host’s regions within 
the subventricular and mantle layers, the cells of the ependymal layer 
never mix and, therefore, indicate the initial limits of the graft even 
after hatching (see Figures 2-6) (Balaban et al., 1988). 
In Situ Hybridization 
The quail-specific SMP cDNA fragment of 400 bp corresponding to 
the aminoterminal portion of the protein (Dulac et al., 1992) was sub- 
cloned into pBluescript KS+. “S uridine-triphosphate-labeled RNA 
antisense and sense probes were synthesized using the Promega 
Riboprobe Gemini II system (“S uridine-triphosphate from Amersham, 
1000 Cilmmol). Hybridizations were performed according to Eichmann 
et al. (1993), using a probe concentration of 2 x lo8 counts per minute 
per slide. Washing steps were at 60°C, and the time of exposure was 
lo-14 days with NTB Kodak emulsion. In all the experimental series 
reported here using antisense RNA probes, sense control probes have 
also been tested and always gave negative results. 
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